Poen mraeeeaie 
Seenindeee re ey 
Pankidnbsimuesnoeteye the rlarivssbea 


ae 
ay RaW raha 14 
ape 
tater Aeneas 


Seetiecia east 
Bohl fae = 


= 
i=) 
o 
Fei 
W 
om! 
=| 
e 
= 
o 
pe 
(ay 
i 
aa 
< 
e 
>| 
pQ 
io) 
eH 
& 
=) 
Z 


Jee 
rca =} 
inn 

s 

i wh ae 

Qe (ON ot oD 
UD: TA AL 
U4 


BOSS 30 
The University of Alberta 
Edmonton, Alberta 
Printing Department 


THE UNIVERSITY OF ALBERTA 


GROWTH OF IRIS EPITHELIAL CELLS 
OF NOTOPHTHALMUS VIRIDESCENS IN VITRO: 
ANALYSIS OF THE CELL CYCLE 


by 
(C) LOUISE PATRICIA HORSTMAN 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 
OF MASTER OF SCIENCE 


DEPARTMENT OF ZOOLOGY 


EDMONTON, ALBERTA 
FALL, 1973 


fi Pyteas 0 er eoates 


es “ey »y 


ABSTRACT 
! 

the objective of thiswork was the note topme at of an 
in vitro system for studying cellular metaplasia occur- 
hing during lens regeneration from the dorsal iris of the 
newt. Epithelial célls from the normal iris and the ten- 
wey pregenerating iris were used. The behavior and growth 
of these cells in culture are described. 

Depigmentation begins prior to mitosis and concur- 
rent with cell attachment to the substrate. A small non- 
dividing population of heavily pigmented. cells rémains in 
the normal “and ten-day iris cell cultures. The lag phase 
is considerably longer in normal than in ten-day iris 
eel] cultures: Ardoubling. time’ of 85 hours was found in 
tHe Ten-day iris cell cultures and 150 hours in’ the nor- 
mad iris Gell cultures. “fxponentiealscrowth is due to 
proliferation of fully depigmented cells... Repigmentation 
occurs during the stationary growth phase. 

Ther cell cycle was measured by autoradiography. itia 
both cultures the DNA synthetic period is 36 ‘hours and 
G5 6 hours. In the ten=day iris cell cultures the total 
cell cycle time is 69 hours and G; 25 hours. An estimate 
‘of the total cycle time in the normal iris cell culture 
Was made vsing the synthetic windex. It. is concinuded 
thet at least tneregard, tio eell cyele parameters’ the 1m 
vitro system does not differ: greatly from that observed 
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INTRODUCTION 


A. Cellular Metaplasia 

Celliuiar diirerentiation inamulticellular organisms 
is the biosynthetic specialization of a cell reflected 
in its particular organization and function. In vivo, 
moe acharacteristics of a fully differentiated cell are 
Usually stable and transferred to daughter cells upon 
ecil divieton. However under ‘certain conditions, such 
as during restoration of tissue ,these characteristics 
may, be shed as cell proliferation oceurs. Upon rediffer- 
entiation the original cell type is usually acquired by 
daughter cells. In some instances, however, the daughter 
cells) are of another type. The latter phenomenon has 
meen referred torres celiular transformation or cellular 
metaplasian sSance cell daftferentiation isa’ result of 
DMe Selective expression of genetic information, meta- 
plasia must involve a change in some mechanism control- 
Lingecnds (expres's1 on, 

While an understanding of metaplasia is important 
Vosdeved opmentad sbi ology... tts occurrence’ has not been 
demonstrated unequivocally in the=majority of cases re- 
ported... ~The oeccurrenceor metaplasia, during, the repiace— 
ment of differentiated eye tissue in embryos throughout 
the vertebrate series has been reported. Examples have 
been cited in anurans (Ikeda, 1938; Overton and Freeman, 
1960), urodeles (Sato, 1930; Stone, 1943; Reyer, 1948; 
and others), teleosts (Dabaghian, 1959; Sato, 1961), 
birds (Maisel and Langman, 1961; Coulombre and Coulombre, 
1965) and mammals (Stewart and 'Espinasse, 1959). The 
capacity for metaplasia in these cases is apparently lost 
long before adulthood, with the exception of two loach 
species (Sato, 1961) and thirteen species of the family 
Salamandridae. In the adult newts remarkable regenerative 


abilities exist throughout the body. In the eye, a lens 
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ean regenerate from the dorssl iris? and the neural 
Eovane. otis, and optic nerve ican regenerate from the 
pigmented layer of the retina (Wachs, 1920; Stone, 1950; 
Hasegawa, 1958). Lens regeneration has been the most 
thoroughly studied of these pphenomena.. This is partly 
que Go theeasie of -lentectomy and-partly to the demon- 
stration that the cells involved in lens regeneration 


arise from a single tissue source (Yamada, 1967). 


Bei Story 

Lens regeneration from the iris of adult newts 
was first described by Colucci in 1885. A series of 
studies by Wolff (1894, 1895, 1901, 1904) resulted in 
the term. Wolffian lens regeneration. Since then numer- 
ous surgical manipuletions “of the eye have’ led to the 
following conclusions about Lens regeneration from the 
a Realise 

The eye chamber contains factorsmrequired for re- 
generation. An iris grafted elsewhere in the body will 
not form a lens unless it nas ‘been Veratrvéed after a 
certain stage of lens formation has been attained (Ikeda, 
1936). However, if accompanied by neural retinal tissue, 
un iris eratved to another part Of tne body can form ' an 
incomplete lens (Stone, 1958a). The eye chamber of 
non-regenerating species of newts can support lens forma- 
tion by the iris of regenerating species; the reciprocal 
arrangement does not result in lens formation (Ikeda, 
1934; Amano and Sato, 1940; Amatatu and Fujita, 1941; 
Reyer, 1956). The position of the iris within the eye- 
chamber determines the size and epithelial-to-fiber 
ratio of the resulting lens (Sato, 1930). 

All. areas’ of the iris ‘are. not equally capable of 
forming a lens when explanted to a host eyechamber. 


The ability to regenerate a lens declines with distance 
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trom the middorsal pupillary region, jand: the ventral 

irre re not were to form a Jens at all(Sato, 1930% 
Mikami, 1941). However, the ciliary border of the 

Horeal tre Can, form a Lens when the dorset” iris’ 1s 
rotated 180 prior to lentectomy (Stone, 1954a). Several 
lenses can form simultaneously at the edges of incisions 
to the dorsal iris provided the edges are kept open 
(Stone, 1954b). 

the meuraleret ing mustebeipresenti a n tthe "eye /for 
fens regeneration to take place, However, a regenera- 
ting neural revima ?inovhyet Vili tdi fterenrti atied J iwill 
support lens formation by the iris (Stone, 1950; Stone 
and Steinitz, 1959s Hesdécawd, M950 Reyer p°l9TD). “An 
artificial barzner yjwreventing molecular exchange between 
iris and neuraliréetinal tiesue “prevents lens’ regeneration 
(Stone, 1958b). 

Reinsertion of *the “original ‘lens following lentec- 
tomy, contrary to the insertion of other types of tissue, 
prevents lens regeneration (Fischel, 1902). Contact 
between lens and iris may be critical for the stimula- 
tion of regeneratroms “sindd ‘ea ens that fails to touch 
the iris upon insertion allows regeneration to begin, 
and an inserted “lens smaller than‘*the original lens will 
prevent regeneration if touching the iris (Wachs, 1914). 
A product of lens metabolism may be responsible for in- 
hibiting differentiation of lens tissue. Irises implan- 
ted into the vitreous chamber with the host lens present 
will regenerate lenses of smaller size and with less 
frequency than if the host lens is absent (Frost, 1961). 
Smith (1965) isolated a fraction of lens extract which 


inhibits regeneration in the lentectomized eye. 


C. “Events in Wens (Regeneration 


The events occurring during lens regeneration have 


Cit eee Gen Whe pee ‘big faites 
 OERE 0008) Ein. Pia oes y ke a tbs 
wa? % yetrod wan Esty wae (ON 
et abet Sa wtor wily cole eat os ite outs ‘ . 

letoeak hale esas: chert orimt at teks. as 2 te 
a®oinionh to aayhe wat ty ut ao hued wih 9) dhe . i ui 
‘paige sae: wba “eonee whe bop tvege perat eet Hh 
; af | 
o> oie en “i 1A eeih. £4 vant ‘ai Fate 7 
SALA ire a 4 Fok seats rént a2 eet 
Stiv! /bolezgh AT RCet ior ae she nase rae 
Sdoph: fate gan 5) sorb ee iN idles aa 
aA ‘viz sreyeR fares, cneae eee eRe atte Be 
nam ge! Sadat ina 1 ghpvelllas, estineveyg s4tare inlet waa aA 
a apek'' earns wbats sath tort lassea ae = 
ae “stance ae 
. -sotnel annvoitie’, sex “Ingigaro, ih reaper 
Ser by te; sryt femte tp Abtia ent itd. ‘at Urata, 9) 


i i Pee = Salis m0) bho freqesde) avtguredeyen aaet shite 
sake 6. aphalnte ods: vot Uno veces bk jel RESP bas wot at 


a Peeks “Weta e Giese’ dade auet a ‘voila pats eeeget to. 
i | age, a me Lhe dirainoc eect fis" ‘oe 8 3eoniss regu wee 
A age - ware” nega oii) nat +ofdwime « ‘Sahscound tha os _ a 
baer “ nattray ater ons paltenes te ‘pohioteneds< taevet. vi? 
el : “2 567. oh Semin at en nwt inde ton ete ‘te dguborg A 
; ' St Le ews yess te folaw cenoeeyy tp. getdidtd 
SN p- hi Sas eeey onet PRow . eng: ite Tsing tt tiie4sa0 ths vite @%ni Wag” eat 
“weet dtiw the wate e6item FS easnst aren soem, Chie — 
eet atenrt) fansite ae raot thee ofr v await’ (onenpoeY — 
ia hw fuentes | wadd: 74 (dite EDT, a, beteloed cavers fora , “6S 


i, oko 2 ioe tego upiinw! eg? ci ne! pbasigen oa gerdidny - =; 


i 1c 


a me Hanlon teil th. uaabiie 
Bit WO L¥esengya aes SHITE. golwannse, af fies mi? 


x 
i 
_y 


been assigned to specific stages in the European newt 
Triturus: taeniatnus and@its Japanése counterpart eastiy us. 
pyrrhogaster (Sato, 1930). The following description of 
lens"regéenération in the eastern newt Notophthalmus 
(Triturus) viridescens has been taken from Yamada (1967). 
Diagrams corresponding to the stages described appear 


tre Pignre 1. 


Stage Day Events 
normal 0 Pvc thous eno epithelium covered by a 
Layer OL scOonne chy ve corssue. in the dorsal 


irvie, ene ,.eprtheliumyrconsists of two layers, 
the external (corneal) lamina and internal 
(retinal) lamina, which join at the pupil- 
LeanryeUeOMder:, meee sce) si (Ot pone Sire ee. i ai 
layers contain melanosomes and’ can be refer- 
red to as melanocytes (Fitzpatrick et.al., 
1966). The pupillary half of the-epithe- 
lium, Orepars geridica, is more heavily: pig- 
mented than-the retinel halt, onspars 
CLivaris, (Wenceunective, tissue Veyer, or 
stroma, is vascularized and contains irido- 
phores as well as connective tissue cells. 


I 3-6 The space between inner and external layers 
; of the dorsal iris becomes apparent. Epi- 
the lier cet nucleoli appear. 


i 6-10 Melanosome extrusion begins by cells at the 
nrddonset ipupmuwery pDorder. Phagocytic 
cells appear in the vicinity of depigmenting 
cetis:. 


GB ' 8-11 Depigmentation continues. Cells of the 
internal lamina are almost completely depig- 
mented. Ribosomal content increases in de- 
pigmenting cells. 


IV 9-15 The separated layers begin to form a vesicle, 
composed mainly of depigmented cells, at the 
middorsal pupiiijary border. 


V 12-15 The vesicle enlarges by cell multiplication 
ana addition offaepigmented céelis,.~ The 
inner layer of the vesicle thickens. All 
cells show increased cytoplasmic basophilia. 


VI 12416 Cells in the inner layer of the vesicle 
: elongate, stop dividing, lose basophilia, 
and begin synthesizing lens proteins. A 
stalk forms by constriction of the layers 
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BelWeengiristandsrvesiclerntCelleprolife 
eration in the stalk continues. 


YI. 15-18 The inner layer protrudes into the vesicle 
cavity due to continued elongation of 
Spnermceiiss whieh ‘Sretstartingstonaif= 
Terentiatre Anto pramery Jens fibers. 


VIII 15-19 = Vesicle cayity is almest.filled. by, primary 
Lens i wver cells.) Prospective secondary 
fiber) ce@isiedocetedsbetweenl the primary 
Tiber celis\, and the, cuboidal external 
Cells DOmaure sLens Veorcle ~ipegin vo: elon= 

wgzate% 

IX 13-20 Cells of the external layer of the vesicle 
flAGren econo nite To divide and surround 
CHesieper coll mass... Elongation, and -dif-— 
ferentaateaonsaereyocetrring inf the) secon- 
davVvea taper cells “tne; vatter are joined 
Dy waddutaona ly elongauingscells at the 
equatord sl regi onsofte thes lensivesiciie. 


x Loe eS Secondary fiber cells surround the core of 
Primary fibers. The Jens epithelium 
tHins, becoming a Single cell layer. 


xt 21-28 Secondary fiber cells grow. Lens epithe- 
ideAwcelticicontanne, tot divides «Theastalk 
disappears, sé€parating the lens from the 
LPTs: 

Demonstration of the occurrence of metaplasia 
during lens regeneration, requires, the identification, of 
another differentiated, tissne as; the, source of the, lens 
cell population. Autoradiographie studies of the incor- 


3H-thymidine into DNA in the iris at pro- 


poration of 
gressive stages of regeneration have traced the cell 
lineage of the developing lens. Yamada and Roesel 

(1969, 1971) have shown that the iris epithelium is a 
SLatic Lissue Too owhch no uptake, of 3H-thymidine can 

be detected prior to lentectomy, and to which no cells 
are contributed by germinative zones of other tissues. 

By 3 to 4 days after lentectomy the first label is found 
in the iris, atythe dorsal and ventral-pupillary borders 
(Eisenberg and Yamada, 1966; Yamada and Roesel, 1969; 
Reyer, 1971). The percentage of labelled cells increases 
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up to day 5, when mitosis begins. Autoradiographs made 
at various intervals after injection of 3H-thymidine show 
the spread of labelled .cebis fmom. the dorsal pupid lary 
border .of the iris /into/ell. areas: of the developing, lens 
vesicle (Eisenberg and Yamada, 1966; Reyer, 1971). In 
another approach to the demonstration of metaplasia, 
Zalik and Scott (1971) showed that a stage III pigmented 
iris labelled with 32H-thymidine will give rise to a 
labelled lens when transplanted to the optic chamber 

of a host newt. 

On the basis of combined autoradiographic and 
immunofluorescent studies (Takata et.al., 1964, 1966; 
Yamada and Takata, 1965), three subpopulations can be 
distinguished in the developing lens vesicle: the pro- 
spective primary lens, fiber celds, whichswill constitute 
the lens fiber, core sat. the gnternad.osdde, of the. vesicle 
end-are ThéesTirst,. toy cease DNA synthesis ,elongabe,. and 
synthesize the lens-specific alpha, beta, and gamma 
erystallins: the, prospectiver seconderyy lensafiber, cells, 
which. undergo, the same sequence of events aftér-further 
celij, replications sand. tne Lensiepithetialscelisc:, lorated 
on the external side, which constitute the proliferative 
_ zone of the lens vesicle and synthesize alpha and beta 
erystallins while _ continuing, tcoedivide.,.,.Jnu-the.~equator-— 
ial zone of the lens the latter cells eventually dif- 
ferentiate into lens fibers... 

In the transforming iris melanocyte, the following 
Bequence of events cake place. sas.deduced»from numerous 
studies: a change in nucleolar ultrastructure and number 
(Eguchi, 1964; Karasaki, 1964; Dumont et.al., 1970); en- 
hanced incorporation of labelled uridine into ribosomal 
RNA (Reese et.al., 1969); rounding of the nucleus and 
increase in nuclear volume (Eguchi, 1963; Dumont et.al., 
1970); increased protein synthesis (Yamada and Takata, 


1963); onset of DNA synthesis (Eisenberg and Yamada, 


tofeanm ctinsptiiiatek roe ating, ec ar 

wer i aes bared KO 2. mee omy, ane ve pee Pe ce bY “i 

Via Viged feerde. wale mi’ ‘eh Eg be Shia! » cure 

Bry eetactoved sie: vs emece “habs ph wink ote 2% 

| re Le a reed .c88RS \, avant AWA Veh wires tay 

. sik hihi Ai Mw bolts TatNoweEh wily oki éneil ei 

‘DAGhOw te Til. eeatn © teas (havoss Ary: a Bec ‘it 

ee be, ive iT tw oes rela eae 

San ee Atega re bani Dad BOW. wig Gd ae 

fee eo or ae pale Pari he 

SMa OLiearhtigsioden bpaddaty = id Pera «7 

ges ©, 4 PPE fn Ape dot dolly ) a Heit, pho yamine 

nt eae 4.71 frie. redone = id dn. JLSRGL vesutet has 

tee, PHO. :ARS or, Snel a THICTSS ue fet hedu , ry. 

wit ily £3 Pays o. L-YW Ragin oboe tow Dt. esas: were at tg evd 

42 a one to Shit as ed patie at Hay $692. seal2. #0 

_— Be ees Pd ohibateuion Aes: eee. i, Taste bis aha, 

: me / pula ae bi ated etgem.: aikiy tqissiyes ahr aa tes Nt a 4 

oi tai Wed 2 ive whe hG ph eden nghons bas eae’ * 

| <inun Cag ate egdavg 2 ep Racers aan. “a eetiap cove 

a ' paquani: puttin. ore bal aspen ebay ohel so) baw “pie boS Gee TB hua 

|  ewhittirek scongd ape | ated hihinbs: Hy teow , sh fe a Le wile te 
| "elle Bice ‘ae! te ay bvodtrige AN obp hank gak se Wee 

ny feu pe obs ax- ) abi eS reve aie ivi then bor boy nip inane sel li 

led Mil dud news al wis iat aay. Wiel 4 Fo omen 7) 


k | ee ee me, BP, agent, niet ae sess ni Aa 7 
g Fay ; rrine S40 ait Miesiong ba ates ae hwo anest ans a , a, 
; v5 | Pete a: wont haduhab ha? ‘ewe Li ala eties > te erally 

2 : setae ‘Bee eve? ree Cera Jag? osloga al frigntaell ty’ ee we tiady 

. . a. where: 1 he. ne taomh a a hie , dtatava% : SORE owe 

Py ‘= - 4 a > ee \ ‘ 

pe ote ome ity CLERC ee te nn emus TF bee 

fe. : Pew aye taut mA’ *e” Pigg = (Cher ithe, ae | 7 ‘Mee, 


) lite To #3) Ack Wo af Leer : are Aout oy se8Ds Do Bl be aT way Sag ae gl oe 
petade? Ske Dea |b : 2 cate” e- o toad oe coreg eae 
watboasY pra aoe a Lipetwoddes AKG eo a anne oe 


a 
n = 


fi i i i a - ‘ oe - : 


2966); and mitosis. Mitosis is first,seen in the iris 

4 days after lentectomy (Yamada and Roesel, 1971). De- 
pigmentation begins prior to mitosis in some cells and 
after mitosis in others (Yamada, 1967). Cells in the 
proliferating zone of -the developing vesicle of N. 
viridescens show a steady decrease in mean generation 
time as regeneration proceeds, from approximately 200 
bhours,at, day 5. after sdentectomy, to,about, 50 hours at day 
0.5 20,celis of the 15-day regenerating lens vesicle, 
which have a generation time of about 65 hours, the 
length of the DNA synthetic period was estimated to range 
Detweens aominimum, vzalue-of 19 and a maximum of 33 hours. 
moe. GCo.phase Was estimated to bese hours.5. Gy, 4hO hours; 
and mitosis, 1.3 hours (Zalik and Yamada, 1967). 

The process. of depigmentation may have a determining 
role wn be rane tormabionm of thesirisy ceil, Eguchi 
(1963) and Karasaki (1964) described the shedding of 
melanosomes in membrane-bound vesicles formed at the 
eed. suytace... Hvectrophoretic mobitaty studies have 
revealed a significant decrease in surface charge density 
Lmthe, deni smenting celica of thewactivated, iris. This is 
evident in the, cells from 10- and.15-day regenerates and 
is ,duMe ste least inipart tora Jossof ribonuclease— and 
neuraminidase-sensitive groups from the cell surface 
(Zalik and Scott, 1972). After completion of depigmenta- 
tion only a thin layer of cytoplasm surrounds the nucleus. 
Yamada (1972) has suggested that loss of specialized 
cell products accompanied by alteration of the cell 
surface may allow new factors to enter the cell and in- 
fluence the genome, resulting in redifferentiation into 


a dipferent cell tynpe,. 


D., Studies, in vitro 


In order to define the factors in the eye which 


q 


TI ee ees ee 
wing 20 8L Pee sunt bit atiene’ yoo Ny sen. iota 
htt “Sune! em anne of ‘eienrtic ie = htey’ bit ged wos) ies 
ff.) ew lhievse., | nin? a sg wtte ne eerie soc 
sO98 afi tee-guilipoddneh! Sls Yo wae a ‘ 
fasfoprots. thon af Sepe wat hate e- ee. 4a 
coe Mi haciigat¥ i‘gaw, aerg? . ene ay* nicgorsat 
MEO Se set Coke Ot le eee rete Ds wet cow 
Oo Pees at ati tance delet vate 2 F we alias y 
nie ation ie’ dyide, te ee 22, p4 Lines a ree 
VG Sa Ee) hinitoven) £2) uh i* wy en cori ube sate ene Niel! f rh 
inte bE ee 1, tetegy Ee ¥o pinay et be @ rary 


e WIG IP ee) 5 ag ie = 7] GA feoaart thw, Pa) eh gh a » | 
bts y ES jibanes via at eae) (ie DATE PCs ie. 
ashe Fo pgm ' bead aa vobina are mates. ve a ery ot 
* * reat SE hot Os ae he bead Whiner aed tue wt @£6 fel 
- Bae | grb aad 5 sald aaetacan et fdhur} A2earnat now tee a 
Te eee ot ut Ayirgdaaa tla af osmonoce Meg 
ee ee ae fom, Prete go in| 2 teers de 
viorek daeait ‘paras itl wlertash tite 2» re a bolasvane 
mt abut hab aus ido 2g bres aositoaghqeb edt As WE 
fares 2% iaey ew abwe, qebeee. en SOS. sheesh - alias, watt 9 rien tee 7 

| Ly: . beatap Sienobaugawin: 2 | 2o Seon, & or. exe: “at ‘Panet 0 uh e€.. 
ie iowtss2 ibd etd wea’ easly ts wy | 7 iitin ange tibeteem Ne 
+#tR egy! it Woke gai eeah stig (Soak bey eee), 


7 
b : 
— 


oo) aati nu Pomel? eae es ture mnel geeky ‘tb, “ened she @ ghee ashe - 
Y * : : “Want La resin. o€et had hb Sz: onuate ana Sy, ah wise a 
yt , Kier a8 Bae aa nie ee SN ners'n, ais thaw haa. - Dri 
a ) SORRMb hes, Ad na gee%a t 21 p280) vbn weetn en nowt ive ‘is | 


A a i 
al ROTTS S00" el CASE, vc ; ya tei: acted 4 @irO om ‘sem *. Sy nah. 
‘tad ; a 7 ¥ 


i" Aa ; a ae , eT eee tines tasau yet a. 


E 


‘ Peddly See Yi? nt hey ores SAS? par LY 2h as e2hok ‘of . " i. 
f i 4 5 i ‘ 
=e 4 = : - “Ts 
ns “a a 


ere responeible for lens regeneration, a number of inves- 
tigators have resorted to organ culture methods. When 
Toes isOlatved aris, i1s,cultured under conditions which. do 
not allow cell migration, enhanced incorporation of 2H 
uUpadine into rkRNA., incorporation of 3H-thymidine into 
DNA, and increase in nucleolar number is observed (Reese, 
1971). Depigmentation in these culture conditions re- 
quires the: presence of another tissue, which need -not be 
from the eye, such as muscle or lung (Connelly et.al., in 
press). Depigmentation will continue in cultured iris 
explants after having previously begun in vivo (Zalik and 
peott,. 1969). (Celi proliferation in iris explants cul- 
turedon arerawiids Cake placemonly af cell division had 
already begun prior to explantation (stages IV-V); like- 
WLee, biber "dit rerentiationewill ocecursonly af it. had 
already started in vivo (stages VI-VII). Thus there 
appear to be three phases requiring external factors for 
their anitiations ;depiementavivon, proliferation, and re- 
differentiation (Zalik and Scott, 1969). Total lens 
regeneration has been obtained from the dorsal iris 
cultured together with frog neural retina (Yamada and 
MeCevitt, 1971) and from the dorsal iris cultured with 


cornea and newt pituitary (Connelly et.al., in press). 


E.;-Purpose of Thesis 

A cell culture system would enable further study 
of the factors involved in cellular metaplasia. The 
advantages of controlled culture conditions are obvious. 
The processes involved in depigmentation, proliferation, 
and redifferentiation and the role of external factors 
on these processes could be studied in a defined environ- 
ment. Clones of iris epithelial cells giving rise to 
lens cells would provide the ultimate demonstration of 


metaplasia. This thesis is the first attempt to describe 
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the growth and behavior of the iris,epithelial ceoulsr or 
N. viridescens under cell culture conditions. The pattern 
of culture growth, cell pigmentation and proliferation 

is described in cell cultures from the normal and de- 
Aotrerentigting aris. “Ih addition, studies on the cell 
cycle and the duration of its component phases are 


presented. 
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MATERIALS AND METHODS 


Adult newts of the species Notophthalmus viridescens, 


obtained from Donaldson, Tennessee and kept in dechlor- 
inated water at 12°C., were used for all work described 
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A. Lentectony 

The method of Eisenberg and Yamada (1966) was 
employed for lentectomizing newts. Animals were an- 
aesthetized in 0.1% tricaine methanesulfonate (MS-222; 
Sandoz). Using a sharp blade, a horizontal incision was 
made, in the cornea directly over jthe pupil. .-The lens was 
forced torough this incision by application Of gentile 
pressure with forceps on the upper and lower edges of 
the cornea. Care was taken to avoid damage to the iris. 
Lentectomized newts were kept in dechlorinated water at 
2k°c,. for ten days, at which time their irises were 


removed as described below. 


Boo wus seoctationwor “Celis. for Culture 

The same procedure was used to obtain iris tissue 
from both normal and previously lentectomized newts. 
Approximately 30 irises were used per experiment. Animals 
were immersed in dilute potassium permanganate solution 
for one hour to sterilize their skin and anaesthetized 
in 0.1% MS-222 containing 100 U/ml Penicillin and 100 
Me/ml Streptomycin. They were immersed briefly in T0% 
ethanol and the eyes rinsed with a stream of sterile 
distilled water. Dorsal irises were excised by the 
method of Zalik and Scott (1969): a corneal incision 
over the pupil was made, or reopened in the case of 
lentectomized animals, and extended to the medial and 
lateral edges of the iris with the help of irises Cie sors . 


The incision was completed around the upper margin of 
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the iris and the dorsal irises with; overlying corneas 
were placed *in-anphibdian”-Ringer*s solution “of the follow- 


ing composition: 


NaCl CF50%¢ 

KCl O.14 g 

trizma buffer (tris(hydroxy- 
methyl)aminomethane and 

hydrochloride) pH 7.8, 

0.004 M Ol g 
glucose 80 *2 
MgSO), OSLO *g 
Cada 0.12 ¢ 
distilled H,0 Lie er 
Gentamycin (Schering) 50mg /m1 


Irises were then dissected free of corneal and other 
tissue Sand “washed twice “in Cay Me-free “amphibian Ringer's 
solution (CMFR) of the same composition as above with 
MgSO), and CaCl, omitted, One of two alternative methods 
of tee Ei "dissociation“was ther ~1sed . In the enzymatic 
method, irises were incubated for 5-8 hours at MPIC: ‘oma 


rotory shaker in a medium modified from Seto and Rounds 


(1968): 

NaCl 6.80 g 
KCl OLmL Og 
NaoHPO), One 
NaHCO3 Ors2 0 ge 
glucose ay OOn g 
tryps iat of 1250!) O15 OMe 
fetal calf serum (Grand 

Island Biological Co.) 25 ml 
distilled H,0 Ia Ig ter 
Gentamycin 50,g /m1 


pH, adjusted) to, .7 2 
Following incubation the cells were separated by gentle 
pipetting for approximately 3 minutes, collected by 


centrifugation at 400 x g for 7 minutes and washed twice 
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bye centrifugation. at.250 x g¢ in Ringer's solution. 

In the alternative method, irises were incubated in CMFR 
for 5-8 hours at 24°C, This treatment loosens the iris 
pigment cells from the more adherent cells of the iris 
stroma. Gentle pipetting for 15-20 minutes was then 
necessary Lor. completeseparation > of¥ celisie* The’ cell 
suspension was pipetted through a stainless steel screen 
to remove stromal tissue fragments and cells were collec- 
tea) by centrifugation at» 400 x g for, 10 minutes. All 
glassware and screens used for cell dissociation were 
SHLIcConized@ prior toleach experiment .») Cell yield was 
determined by hemocytometer count and an estimation of 
viability was made using extrusion of trypan blue within 
Opnminutes-as ateriterion®for wiabs lity’ Thelyviability 
test was possible only with depigmented or partially 
depigmented cells from the ten-day irises. 

In preliminary studies the trypsin method of 
dissociation was found to yield a much higher proportion 
of non-meldanocytes in culture than the CMFR method. For 
this reason the CMFR method was used for all’ further 
studies, The early behavior in iculture of cells obtained 
by the two methods is compared in Results. 

Atthough dissociation of cellis@in, CMFR appears to 
remove preferentially the iris melanocytes, it does not 
yield a pure melanocyte population. From observation 
and cell counts in the hemocytometer, melanocytes were 
found to comprise approximately 50% of the total cell 
yield; another 25% consisted of red blood cells, and the 
remaining 25% were assorted non-melanocytes of various 
size. The latter could be derived from the connective 
tissue and blood vessels in the iris stroma, and thus 
could include endothelial cells, fibroblasts from the 
connective tissue, iridophores, white blood cells, and 


macrophages. The behavior of these cells in culture ae 
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described in Results. 


One cel Ca loure 

Iris cells were grown in plastic tissue culture 
dishes (Falcon Plastics) eontaining 5 mls of modified 
Leibovitz medium-(Leibovitz, 1963), which consisted of 
Lao Levbovyits medium (Gibco) diluted 50:50 with distil- 
led water and supplemented with 10% fetal calf serum 
(Gibco) and 50ug/ml Gentamycin. Approximately 2 x 104 
Seuslowwere seedeqnper disci. .Culpures were, fed weekly 
and maintained in a humid atmosphere at 24°C. Cells 
When did Mot, remain attached, to the substrate, including 
all red. blood cells, some melanocytes, and some nonpig- 
mented cells, were eliminated after a few changes of 
medium. 

Upon, formation of monolayers, primary cultures 
were subcultured by the method of Freed and Mezger- 
Freed (1970). In order to detach cells from the sub- 


strate, plates were treated with a medium consisting of: 


Nacl . ai Gos 
Ke@ hl: REA Hes 
Na5HPo), Ore we 
glucose 0.07 g 
bovine albumin powder (Frac- 

tion V, Sigma Chemicals) 1 5 Og 
trypsin (Difco, 1:250) 500 2 
distilled H,50 1 Liter 


pH adjusted to 7.4 with 0.5 M-NaOH, 
accel nee dishes were washed three times with the above 
medium lacking the trypsin component; they were then 
incubated in the same medium containing trypsin at 2S 4 
until the majority of cells had detached (about 20 min- 
utes). Cells were then washed three times by centrifuga- 
tion at 250 x g in Ringer's solution and cell yield was 


determined by hemocytometer count. For estimation of 
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cell population growth in primary subcultures, approx- 
imately 2 x 104 cells were seeded per dish and the in- 
erease im cell number determined as described, below. 
To determine whether macrophages and other white 
blood cells were present as part of the attached cell 


population in cultures, attempts were made to establish 


cultures of these cells under the same conditions as those 


for iris cells. Newts were injected intraperitoneally 
with 0.05 g oyster glycogen (Fisher) in 4 mls of Ringer's 
solution, The following day the peritoneal cavity was 
flushed with additional Ringer's, the peritoneal exudate 
Withdrawn, by syringe, and cells collected by centrifuga- 
tion. These were plated and cultured in conditioned 
medium which had been removed from growing iris cell 
cultures, filtered, and supplemented with 15% fetal 

calf serum. The conditioned medium was changed once a 
week, A variety.of cell types were present in these 
cultures and several types attached and spread on the 
Bubs t rare ty Lowever-. arter 20 daye an cutture cells 
began to detach, and by two weeks all had detached. Re- 
attachment did not occur during the following two weeks. 
Similar results were obtained for several attempts. De- 
_creasing the serum concentration to 10 and 5% gave the 


Same results. 


D... Pstimation,of, cellsbopudation Growth 

To measure the growth rates of cell cultures ob- 
tained from normal irises (normal cultures) and ten-day 
regenerating irises (ten-day cultures), the increase in 
cell number at successive time intervals in culture was 
measured. Cell counts were made using an inverted phase 
microscope equipped with an eyepiece calibrated with 
rectangular fields. Magnification and field were selec- 


ted to include a minimum of 10 and maximum of 100 cells 
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per field. A minimum of 400 cells here counted for each 
plate, giving a 95% confidence interval of approximately 
20% of the estimated number of cells (Freed and Mezger- 
Freed, 1970). From the ratio of the area of the rectangu- 
tar field,to the area of the culture dish the number of 
cells per dish was calculated. Since cell density tended 
to be higher in the ponte of a plate, one entire plate 
On. in whe case of Reh density cultures, one halt a 
DEAvLe, was, counted by “scanning its surface in equidistant 
parallel lines, making counts at equally spaced intervals 
along each line. Only ‘attached cells with autor bony area 
lying more than balfway within the field were counted. 
Muitinucleate cells were counted as one cell. 
Pigmentation was scored using phase contrast optics. 
At least 400 cells were scored per plate and plates were 
scanned in the same manner as for. cell counting. Each 
Geil Was assigned to one of three categories: heavy, me- 
ium, and light-to-no pigmentation. Only well-spread cells 
were scored, since cells appear more heavily pigmented 


when rounded up. 


Eo pbStimation ar «cels2 | opulacron Kinetics 

The cell cycle and other cell population parameters 
were studied in normal and ten-day cultures using auto- 
radiography. The pulse-chase method of Quastler and 
Sherman (1959) was used to measure the duration of the 
cell cycle and its component phases. For autoradio- 
graphy, monolayers of primary cultures were subcultured 
as above onto Corning #18 x 50 mm coverslips. Experi- 
ments were carried out during the logarithmic phase of 
growth. 

A preliminary experiment was done to find the 
shortest time of incubation in 3H-thymidine that would 
give an adequate grain count. According to Cleaver and 


Holford (1965), a concentration of 3 x 1076 M thymidine 


ddas x07 betacon perry ettes vere ‘te delish _ 
“pieten taengas +6 ‘Epedes at ' ogom tate’ ae - ‘gL 
_ssioM baw bs wad) wtCa ty ae Leber ses: ats Te 
Sgn po oss: wits ‘te ‘wee, wg: 20, oem’ ‘ous we stoner rhs 
re “Werrany ‘eae pete weed ae ti ‘4 oie ‘eats web 
“pepe h te nae leq’ poate Bev tus Tee ‘or at 
stele orriay sre sis fe ta)’ we ano ant we hee 
a 3 Cae: Aad ‘bingstre e beqeh ae 


| shaveeiy! he 28 ger $heanae Le Para sainen' af 
aeee aw otayh aye wlges ih ade hy: ee ey. 

Phas ane: ers¥ Bw a rade aps nT ern pe or 

ey ne seeding bic Fa seit ea eaey. mena’ 4. ta 


Bt deaet r, Pom giabitds 9% pband| aiae ee oe 
aoa Bettabes: £teh ae ae epen rica ‘ate ah 

~wt eRe aw waka soi otek ty cal pF. f a 
rites hiesgi-Riow view thal waded 


. isnt s iiened a states aiph dies 


tah ae 5 , 4 


LS eae nied “alae ea aan a ngapdaid? a 
ue sae basil saptieeios Pose mats Bie a stewe ties nile 


. i an ~ ka eibad wleipe 56 bein vibistn, yoo 
a 84) 16 metshnUN act a sWikiem Ot Bone ew. (R201) gamyada 


ae. oe -ethexataw’ eRe be abes seen: adi bere | fae otegs ‘thes, 
au ie ~~ ‘eott how viene te. taeda Ataare 
ey a inate at tabevps re i oe 7 speed ovae- ate ah 


Pt ie ae beets obmiitt sage at ee Hip. betinion, view eta" 
oi ae lea bai ‘of seal nia ‘pat Coes ehhirm steer «- a | 
i tts jad aa th baepade: bh motiaduont' 4p er2) tidasena: oe 


ve 
sine. Weveaky e. R52. SwA “SRuOo ange’ aigupts as eet _) 
Sonica y eens ae - ate s is ‘ipesipsl Ae 


Ay ar 


gives maximum rate of incorporation into DNA by cells in 
Gul tune.) Slo) fobta in) thie, concentration ; 3H-thymidine 

of specific activity 6.7 Ci/mmole (New England Nuclear) 
was diluted 1:40 with unlabelled thymidine to give a 
Pits yooncent rat.ton lof 0.5 mCi/ml of Medinim. stComerslips 
supporting growing cells were transferred to the medium 
supplemented with 0.5 uCi/ml and incubated for periods 
nangine friom Lb minutes: tio’ 2 hours. After thei desired 
incubation time coverslips were returned to the original 
Cuisines idi shes) for Oashours mins ed: ine Ringer" s:, fixed 
in methanol for 1 minute, mounted on slides, and dried. 
Slides with attached coverslips were then aa ppe in NTB- 
2 liquid emulsion (Eastman Kodak) and exposed at room 
temperature for 15 days. They were developed in Kodak 
D-11 for 2 minutes, placed in Kodak Fixer for 4 minutes 
and stained with Ehrlich hematoxylin. It was found that 
30 minutes was the shortest incubation time that would 
yield a grain count sufficiently above the background 
Peved CO tact Cate rapla Lduentriiecauron of Labelled 

ee Lis. 

Many investigators (Sisken, 1964; Cleaver, 1967; 
Bischoff and Holtzer, 1969) have found it necessary to 
incubate cells previously exposed to 3H-thymidine in me- 
dium containing unlabelled thymidine at about 100 times 
the concentration of the labelled nucleoside. in order to 
rid the intracellular pool of acid-soluble 3H-thymidine. 
To determine whether such a- concentration of thymidine 
would inhibit culture growth as reported by many investi- 
pators (Hakala and Taylor, 1959; Morris and Fischer, 
1960; Xeros, 1962; and others), preliminary experiments 
were conducted in which 3.2 x 10-4 thymidine was added 
to the culture medium of two replicate subcultures and 
cell counts made daily for 3. days, 


For each measurement of the cell cycle, approximately 
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sp dae 10? cells were subcultured onto coverslips placed 
in a 150 x 20 mm culture dish containing 25 mls of me- 
dium. During logarithmic culture growth the coverslips 
were transferred to plates containing fresh medium with 
3H-thymidine (0.5 wCi/ml). After 30 minutes in label 
wets coverslips Were fiased sit medium containing 3.2 x 
10-4 M unlabelled thymidine and returned to the original 
cutoure dish waiGhy Sacl x 1074 M thymidine added to the 
original medium.,. After this treatment coverslips were 
Yemoved At each of the following intervals in culture: 
ea Oe en eo a hi 61 GO and TO hours ‘for 
tre mnormel “culture wnat wonllO, 13% 17, 22, 26, 37, 50, 
58, 74, 84, 96 and. 108 hours for’ the ten-day culture. 
Coverslips were rinsed In Ringer's solution, faxed in 
methanol and mounted on slides. Autoradiographs were 


processed ss described previously. 
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RESULTS 


Renenesultssof Dissociation. of, Iris Tissue 

Total yield following dissociation of irises in 
Ca, Mg-free Ringer's solution was approximately 700 
melanocytes per.dorsal iris, while dissociation with 
trypsin gave a total yield of about 1500 melanocytes. 
About 80% viability was indicated by dye exclusion of 
depigmented cells from ten-day regenerating irises 


dissociated in CMFR, 


Setebehavior ofniricse Cellsrine Cudture 
Normal Cultures 

The majority of melanocytes obtained by dissociation 
ant CMFRO require! ati deast G2 dayst after plating to become 
attached to the substrate, with some cells requiring much 
longer. One of the first signs of depigmentation is the 
loss of pigment granules from the central region of the 
celles This!) occurseessa thenced), membrane, attaches, to) and 
spreads over the substrate, and as a consequence pigment 
cell nuclei previously covered with melanin granules 
become visible. Concurrent with cell attachment and mem- 
brane spreading, shedding of pigment granules at the 
cell) periphery! oceurs.. By 2 days ie, small, number, of 
melanocytes are fully attached and depigmentation over 
the nucleus is complete. By 7 to 8 days about half the 
population is attached with depigmentation underway. 
Nuclei of depigmenting melanocytes are kidney-shaped 
when first visible. Nucleoli and condensed chromatin are 
visible as soon as the nucleus is uncovered, and are of 
variable size and number. By the onset of mitosis 5 to 
6 large round nucleoli are present. In older cultures 
this number is reduced to 3 or 4. The ratio of nuclear- 
to-cytoplasmic volume appears to increase greatly in 


depigmenting cells within the first week. The nucleus 
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becomes round or ellipsoid. Blebs or clear bubbles 

are sometimes observed protruding from partially depig- 
mented cells. Some cells appear to have migrated and 
left behind on the substrate a trail of cytoplasm. 

During the depigmentation phase, macrophages are 
active in the cultures, moving over the surface of 
attached and unattached melanocytes. Other Done iemenres 
cells, presumably white blood cells, are also present 
in suspension, By one week the majority of red blood 
cells have detached from the substrate and only a small 
minority of the attached cell population are non-melano- 
Cyues. His consists of iridophores and round, trans- 
parenG cells, the Latter being .ebdout one-third the size 
of melanocytes and having no spread membranes. No 
attached fibroblasts are present. 

Mitosis “berines at about 21 days and- is found to 
oceur earliest’ in melanocytes that appear to be in 
direct contact with each other. .The enzymatic method 
of dissociation accelerates the timing of these early 
events in culture: in cultures of trypsinized cebls a 
larger proportion of mMelancoeytes are fully attached 
etter 3 days, and mitosis Gs first seen at 15 days. 

The lag phase of growth, or interval between mitosis 
‘and exponential growth, occupies about 3 weeks in normal 
CMFR-dissociated cultures (see Figure ae During early 
logarithmic phase growth, the cells assume a fibroblast- 
like spindle shape, and are often aligned in the same 
direction within an area. By late log phase, epithelial 
sheets of cells form, and the cells take on a cuboidal 
shape (Figure 3). At this stage numerous multilayered 
clusters of cells appear over the entire culture dish 
(Figure 4); whether these result from a local rolling up 
of epithelial sheets or from active cell migration and 


aggregation is not clear. 
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FIGURE 2: Growth curve of ‘primary normal, culture. 
A minimum of 400 cells was counted for 
each point. Lines from each point represems: 


95% confidence limits. (See Text). 


ON 711459 


DAYS IN CULTURE 


FIGURE 3: Primary normal culture at the end of Whe 
logarithmic phase. Most of the celts) page 
acquired a cuboidal shape. 3-6 nucleoli 


are evident. Magnification X 340. 


FIGURE hh; Cell cluster in a primary normal culture. 


Cells are repigmenting. Magnifications. 
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Exponential growth lasts for about 10 days and is 
followed by a stationary phase. During this phase pro- 
Lit eration) takess place primanidy atsthe, boundaries: of 
the forming monolayer and heavily granulated, presumably 
necrotic celisvame seen in’ the center of the culture 
dish. Refractile structures are sometimes present in 
omen tce Ie clusters : 

The time required for the number of cells in a 
culture. to double can be calculated from the ‘slope of the 


growth curve according ‘to the equation 


doubling time = to-tj : 
logo xXo- logs xj 


7, and to representing times’ at whieh cells were counted 
and X41 and Xo the number of cells at these times (Freed 
and Mezger-Freed, 1970). The slope of the exponential 
part of the growth curve can be determined by linear re- 
gression, VWhen jiaas 26 done for ene curve in Figure 2 

& doubling time of 150 hours is: obteined. 

Theweytoplasm adjacent to thewnucieus is the last 
area to lose pigment granules, and some of the melano- 
eytes retain pigment granules in this area. The propor- 
tion-of heavily, moderately, and lightly or nonpiemented 
cells occurring in the culture represented in Figure e 
is shown in) Figure 5A? As can be vseen from this figure, 
the heavily pigmented cell population shows no increase 
throughout the logarithmic phase Of culture growin. The 
moderately pigmented population shows a slow arithmetic 
increase during this phase, while the lightly and non- 
pigmented population shows exponential increase. During 
the stationary phase the number of heavily pigmented 


cells can be observed to increase greatly (not shown). 


Ten-day Cultures 
The sequence of events in ten-day cultures is the 


same as that of normal cultures, but the timing of the 
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Beenie accelerated. By 3 days ae melanocytes are 
well-spread, and mitosis is first seen at day 12. The 
lag phase occupies about 12 days, followed by an exponen- 
tial phase of about' 10 days. Figure 6 is the growth 
curve for two replicate ten-day cultures. The mean 
deuvling Timetduring the exponential phase is approxi- 
mately 85 hours. The growth rate declines when the 
euitutes reach L570 2.0) x 10° eels: Cell number 
continues to increase slowly after this, reaching a 
density of1 3.6 x 10? eelis at.05 days. 

Dissociation With trypsin results in mitosis as 
Carly as day 9 in some ten-day cultures. 

Figures 5B and 5C show the change in pigmentation 
of the two ten-day cultures represented in Figure 6x 
The pattern is similar to that seen in Figure 5a. 
the Heavily pigmented cell population doés not increase 
in number during the log phase of culture growth. During 
the stationary. phase. Dowever , this population increases 
ranaen onda) The moderately pigmented population under- 
goes an arithmetic increase during log phase followed by 
a levelling off'during the stationary phase. Lightly- and 
nonpigmented cells increase logarithmically throughout 


the log and stationary phases. 


Primary Subcultures 

Subcultures from normal and ten-day monolayer 
cultures show little or no lag phase before exponential 
growth, and have a doubling time similar to the primary 
cultures from which they were obtained. Figure 7 is the 
growth curve for four replicate subcultures from the 
normal culture of Figure 2. The mean doubling time for 
the subcultures in Figure 7 is 148 hours. 

Heavy repigmentation is observed as subcultures 


reach confluency (Figure 8). 
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PIGUER EO: 


Growth of heavily, moderately, “and Tighiay 
pigmented populations. A represents a 
primery normal culture; 8 and C represent 
two sister primary ten-day cultures... 
minimum of 400 cells was scored at each 
Lime tame rave is, 

Open circles = lightly or non-pigmented 
eélis; closed cireles’ = moderately pigmene 
ted cells; open triangles = heavily... 
mented cells. 


lag = lag phase of culture growth 


log = logarithmic phase of culture growts 


stat = stationary phase of’ culture growth 
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FIGURE 6: Growth curve of primary ten-day cultures. 
Two sister cultures ere representedyoy 
the two symbols. For each point a minimum 


of 400 cells were counted. 
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PIGUR ETE: 


Growth curve of primary subcultures? gine 
four réplicate subcultures! were obtained 
from the primary normal -culture Yrepresenved 
in Fig..2.. Shaded triangtes represen. the 
mean. A minimum of 400 cells was counted 


for each point: 
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Bi- and multinucleate cells comprise about 10% of 
the population at the end of log phase. In several 
instances failure to complete cytokinesis was observed 
to result in viable binucleate cells. These cells are 
found in both normal and ten-day cultures and primary 


subcultures (see Figure 9). 


Cr Cell Cycle Parameters 
The (et tect. Of soc. & 107M thymidine on the growth 

mate of two replicate’ subeultures derived from a -normal 
primary culture is shown in Figure 10. No deviation 
from the rate of growth immediately prior to the addi- 
tion of thymidine was detected, and no changes in cell 
morphology were found. The presence of cytidine, found 
in mammalian serum (Schneider, 1955), has been shown 
LO ‘provect celis from the sinhipitory effect of excess 
thymidine on DNA synthesis (Morris and Fischer, 1963; 
Whittle, 1966). Further evidence that inhibition of 
eulture growth Leenotsoccurrang cam then cel dt cyelse ex 
periments described below is found in the mitotic 
indices from these experiments. If excess thymidine 
were arresting cells in the DNA synthetic period of. the 
cell cycle, the mitotic index would exhibit very low 
values until the cells had overcome the block, after 
which high values would appear. Table I presents the 
mitotic indices for the normal and ten-day cultures 
used in the cell cycle experiments. For each value 
1000 cells were screened for mitotic figures, including 
prophase through telophase. The decline and subsequent 
rise in values predicted in the case of cell cycle arrest 
is not apparent. It is concluded that culture growth 
was not arrested and is fairly asynchronous. 

| In the cell cycle experiments, the synthetic index 


(S.I.), or percent of the cell population in the DNA 
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FIGURE 8: Repigmentation in a primary subculture. 


Subculture was obtained from a primary ten- 


day monolayer. Magnification X 390. 


FIGURE 9: Multinueleate .cell in a: primary ceudteurer 
A binucleate and tetranucleate cell cantwe 


seen. Culture wasitn stationary oiages 


Magnification X 700. 
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FIGURE 10; 


BPrLeecet. <Of (isc «x eee M thymidine on the 
growth of primary subcultures. Arrow indi- 
cates time of addition of thymidine (TdR) 
to medium of two replicate primary subcul- 


tures in log phase growth. 
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TABLE I 


Mitotic Indices of Normal and Ten-Day Cultures 


Hours after incubation 
in ~H-thymidine Percent of cells in mitosis 
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normal culture ten-day culture 


4 0.8% 1.7% 
8 2.9% 2.3% 
10 | 1.5% 
12 1.0% 

16 1.9% 1.6% 
22 3.0% 3.1% 
28 1.7% 3.9% 
34 2.4% 0.7% 
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synthetic period, was determined for the normal and ten- 
day cultures by scoring 1000 cell nuclei for the presence 
of silver grains. Background label was negligible: the 
mean grain count over 30 labelled nuclei was 130 and over 
s0runilabelled nuglei, 4. The-S.I. of -the first sample, 
taken 4 hours after incubation in label, was 19% for the 
normal culture and 22% for the ten-day culture. Later 
values were slightly lower, indicating maximum incorpor- 
ation of label into DNA by 4 hours. Therefore 19% and 
22% are taken as the S.I.'s for the two cultures. 

Howard and Pele (1953) were the first to divide the 
eel] cyele into four phases: the presynthetic phase. or 
gap (Gj), the DNA synthetic phase (S), the postsynthetic 
phase (Go), and mitosis (M). In a cell population the 
length of each phase can be estimated by measuring the 
time required for all cells labelled in S to reach mito- 
sis (Quastler and Shermen, 1959). Figures 11 and 12 
are the curves obtained for normal and ten-day cultures 
respectively when percentage of labelled mitoses is 
plotted against time following incubation in 2H-thymidine. 
The percentage of labelled mitoses was obtained by scor- 
ing 100 cells in metaphase, anaphase or early telophase 
-for the presence of silver grains. 

The lengths of the component phase of the cell cycle 
were calculated from Figures 1] and 12 and are presented 
IHD Le wil vein Gem ve | from O hours to the time when 
50% labelled mitoses is reached on the ascending side 
of the first wave approximates the median duration of 
Go & 1/2 M. For both normal and ten-day cultures this 
is 7 hours. The interval between 50% on the ascending 
and descending sides of the first wave is taken as an 
approximation of the median length of. 5. This value is 
36 hours in both cultures. The time required for the 


completion of one entire cycle, obtained from the inter- 
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FIGURE ll: 


Labelled mitoses curve for normal culture: 
For each point 100 ‘celis An metephase 
through telophase were scored sior te 
presence of Vsilver grains. (See Texu tc 


details of labelling procedure. 
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PRGURB 2s: 


Labelled mitoses curve for ten-day culture. 
For each point 100 cells in metaphase 
through telophase’ were scored Ler tne 
presence of Siiver grains. ("See texterca 


details of labelling procedure. 
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TABLE 7 LL 


Duration .ofp~the Phasessof ,the,Cell, Cyele 


in Normal and Ten-day Cultures 


Normal Culture Ten-day Culture 
(hours ) (hours) 
ED 
36 36 
6 6 
25 Uns 
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val between 50% labelled mitoses on the ascending 
portions of the first and second waves, is 69 hours 

in the ten-day culture. The value for G, & 1/2 M 

was obtained by subtraction from total cycle time, and 
is 26 hours for the ten-day culture. The length of 
mitosis was measured by observation and represents the 
time required to proceed from the appearance of con- 
densed chromatin in prophase to the start of cytokinesis. 
Five cells were timed to obtain the average length of 
MeroOst ss Tor normal cultures tnis. was round to be 2. 1 
hours and for ten-day cultures, 1.8 hours. By subtrac- 
ton Go is approximately 6 hours in both cultures and 
Gy 25 hours in the ten-day culture. 

From these measurements and the synthetic index, 
an estimation of the growth fraction, or percentage of 
eells that are proliferating, can be made for the ten- 
day culture. According to Lala and Patt (1966), 

f = (Ng/N)/(Ng/Ng), (1) 
where f is the growth fraction, Ng the number of cells 
in S, N the total number of cells, and Nq the number of 
celis in the ceul cyole. No/N 16 thus the synthetic 
index, and N,/Nq can be found from the following equa- 
tion (Lala and Patt, 1966): 

No/Nq = exp[(Gp+M)(1n 2)/G] [exp {(s/¢)(in 2)}-1] = (2) 
where G is the total cell cycle time. The growth frac- 
tion obtained from equations 1 and 2 is 46%. 

Although a second wave of labelled mitoses was 
not measured for the normal culture, an attempt can be 
made to estimate the duration of the cell cycle on the 
basis of several assumptions. In an asynchronous cul- 
ture, the proportion of cells in each phase of thes cycle 
is directly related to the portion of the total “cell 


eycle time occupied by that phase (Quastler and Sherman, 


1959), hence: 
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to/S.1./= 6 Gp. 
where ta Ae the duration of therS phase. However, as 
Lamerton and Steel (1968) pointed out, this assumes a 
Erowoun 2rectron Of") "“Moditying Equation 3 to’ take“ into 
account the growth fraction, 

PCO Sat. yen G (4), 
and using the growth fraction calculated for the ten-day 
eulture, G' = 75 hours “for the ten-day and 87 hours for 
the normal culture. This value differs by 6 hours from 
the value obtained from the labelled mitoses curve for 
the ten-day culture. 

The synthetic index of heavily pigmented cells was 
also measured in the same experiments. These cells 
comprised about 2.0% of the population in the normal 
culture and 3.5% in the ten-day culture. In both cul- 


tures “the “average STI. “for these “eells was Te9%.. 
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While the early behavior of iris melanocytes in 
culture undoubtedly reflects a response to new environ- 
mental conditions, much of it bears a resemblance to the 
behavior‘ofr the celds sat therpupiilary border of-the 
dorsal iris during the early stages of lens regeneration. 
Deprementation?s forvexampley Ps°arvisible characteristic 
of the dedifferentiating iris at days 6 to 15 after len- 
tectomy (Dumont and Yamada, 1972). This phenomenon is 
found in the cultured iris melanocytes within 24-48 hours 
after pat ars: In the dorsal iris during regeneration, 
many cells which will not become part of the lens vesicle 
undergo partial depigmentation followed by repigmenta- 
tion. Others do not -depigment ‘at all.’ ’Whether the cells 
in culture which remain moderately or heavily pigmented 
correspond to those in the iris which undergo incomplete 
or no depigmentation is not Known. The presence of heavi- 
ly pigementied: cells in Doth high vand “low “den'sity “areas 
during the log growth phase suggests that the failure to 
depigment represents an inherent property of the cell. 

Depigmentation of melanocytes in culture has been 
widely observed (Ebeling, 1924; Doljanski, 1930; Fischer, 
1938; Ephrussi and Temin, 1960). Whether a population 
Which does not depigment exists in these cultures has 
not been reported. Whittaker (1963, 1967) demonstrated 
three processes responsible for depigmentation in chick 
‘retinal pigment cells in vitro: dilution of pigment com- 
ponents by cell growth; decay of the activity of. the 
enzyme tryosinase, the primary enzyme in the melanin 
biosynthetic pathway; and decrease of tyrosinase syn- 
thesis. On the other hand, the process of depigmentation 
inf lens) regeneration involves! the active extrusion of 
melanosomes in the presence of macrophages (Eguchi, 1963; 


Dumont and Yamada, Tomer, Accompanying depigmentation in 
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this system is a steady increase in tyrosinase activity 
(Achazi and Yamada, 1972). Which of these patterns 
occurs in depigmenting newt iris cell cultures has not 
yet been investigated. The presence of macrophages in 
these cultures for at least a week makes their involve- 
ment in the depigmentation process a possibility. 

The shedding of fragments of cytoplasm by pigmented 
eellsoceurs.in both culture and the iris during regen- 
Sreviou, ine strea wis of cytoplasm Left on the substrate 
by migrating melanocytes and the cytoplasmic blebs 
occasionally seen in depigmenting cells may be the equiv- 
alent of "cytoplasmic shedding” described by Dumont and 
Yamada (1972) in lens regeneration, whereby melanosomes 
BDV DOD asm sree ninched oft, from the depigmenting cell. 
These authors found a corresponding decrease in cell 
volume between days 8 and 15. In normal cultures the 
Gabio wf the nuclesar-to-cytoplasmic volume of the celis 
appears, FO imcrease by day 5. at the same time that the 
nucleus changes from kidney-shaped to round or ellip- 
Solid.) In regeneration this “change. of shape. is seen at 
day ( after jentectomy and is. attributed to nuclear 
swelling (Eguchi, 1963) or reduction of melanosome 
content (Dumont et.al., 1970). Thus the increase in 
nuclear-to-cytoplasmic volume in culture may be due to 
nuclear swelling, loss of cytoplasm, or both. 

Prior to mitosis a maximum of 5 or 6 nucleoli appear 
in ithe cultured iris! cells. This number is ‘also found 
“by electron microscopy beginning at day 2 after lentec- 
tomy, in cells ab the pupillary margin of thepdorsal iris; 
this represents an increase over the 0-3 nucleoli present 
in cells of the unlentectomized dorsal iris (Dumont et. 
seo Ole In the normal cultures the maximum number 
ef nucleoli cannot be seen by phase contrast microscopy 
until at least a week after plating. Dumont et.al. (1970) 


observed a fourfold increase in nucleolar size by 4 days 
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after lentectomy, caused primarily by ‘en’ anerease ‘of 
the pars granulosa. increase’ in nucveolar ‘size a's: ‘ad sio 
ewa dent: ima tro.) fhe appearance’ of 5-6 nucleoli per 
cellvuins Mensijregeneration precedes the) earliest detect> 
able DNA synthesis by one day and is thought to be the 
morphological expression of the activation of ribosomal 
RNA synthesis (Dumont et.al., 1970). 

tThetisicieleratine. erfect of trypsin on® melanocy te 
attachment and mitosis is) probably’ due to its effect 
on the cell surface. Burger (1969) reported that tryp- 
sin exposes sites on normal cells which are otherwise 
found only on malignant cells. Furthermore, Burger 
(1970) and Rubin (1970) have shown that a lower concen- 
tration ofetrypsin®’ than, used in’ this’ study? widi stimulate 
DNA synthesis in contact-inhibited nonmalignant cells. 
Burger showed that the site. of action of the enzyme in 
Bhese experiment skwas Trestricted@tor thes outer? cela sur= 
face; ,Trypsin®has* also been demonstrated to cause an 
immediate protein-synthesis-dependent increase in cell 
volume and mass (Mallucci et.al., 1972). The relation 
between the action of the enzyme on the cell surface and 
dtevetinusucory erreectssaiscenor YertFuncderstood.+4it=is*or 
interest to’ note that the time required before the onset 
of mitosis in melanocyte cultures obtained by the tryp- 
sin method of dissociation is comparable to the time re- 
quired by the CMFR-dissociated cells from the ten-day 
regenerates. The latter have lost some surface components 
originally present in the normal iris cells (Zalik and 
Scott, 1972). That a digestive enzyme responsible for 
this cell surface change might also be activating cellu- 
lar synthetic activites in regeneration is a possibility. 

Mitosis is.efimetacbservedwat day: (be ebn iten=day. 
cultures and daye2lein normal /oulturesserlts ceanlier 
appearance in the ten-day cultures is not surprising. 


Ten-day regenerating irises range from Stages II-IV and 
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contain a portion of cells which have depigmented either 
partially or completely and have undergone activation of 
tne processes required for DNA synthesis and cell division. 
The 1l2e@-day lag phase seen in ten-day cultures may repre- 
sent an increasing number of cells entering mitosis be- 
tween days 12 and 24. Differences among cells in regard 
to the time required before onset of cell division may 
retilect their original location in the iris: during re- 
PencravcLon the mi toOti.G index of the pars cilziearis-is 
about one-tenth that of the pars iridica (Yamada and 
Roesel, 1971). Thus different levels of stimulation may 
exist ewone cells of the sten—day cultures.) Proximity to 
other cells in culture may “also influence cell division. 
As mentioned previously, the first cells to divide appear 
to be in contact with other cells. As Rubin (1966), 
Takahashi and Okada (1970) and others have demonstrated, 
cells. tn “culture give off substancés- which condition the 
medium, endowing it with growth-stimulating ability. In 
the early stage of growth in culture these substances 
might be transmitted from cell to cell. From observation 
it appears that the number of attached cells in normal 
cultures prior to the onset of mitosis may be lower than 
in ten-day cultures. Assuming that the attached cells 
are the cells synthesizing conditioning substances, this 
eould result in a longer time before the medium is con- 
ditioued in normal cultures. Contact between cells would 
also take longer to be established. Consequently a longer 
time would elapse before mitosis. The lag phase, which 
is ten days longer in normal cultures than in ten-day 
cultures, might also be lengthened for these reasons. 

The ten-day cultures have a doubling time of almost 
half that of the normal cultures’, This could be due to 
a shorter cell cycle time and/or a larger growth fraction 


in the ten-day cultures. Neither of these possibilites 
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are ruled out by tthe present study, ee houen the possi- 
bility of a shorter $ or G, in the ten-day cultures can 
be excluded. it isspossible that. previous exposure. of 
irises to’ the stimulating factors in the lentectomized 
eye could result in a larger percentage of proliferating 
cells, in ten=day cultures. 

Then e£rowtlw wuve declines ini primary and firet ‘sub= 
cultures when a cell density of 1.5-2.0 x 10% cells per 
dish is reached. These estimates are of low precision 
due Gor tne Edurricenliy sor counting cellisein the: ‘clusters 
arising tat cleate Log phase. The highest density found in 
a monolayer was 3.8 x 10 2% equivalent to a saturation 
dem citty 266 .co5x 104 cells/cm2.. This is lower than the 
Saturation densities found in mammalian and chick cell 
monolayers by a factor of 10 or more (see for example 
Todaro and Green, 1963; Stoker et.al., 1966; Takahashi 
and: Okada, 2970). 

In the culture conditions used in this study, heavy 
pigmentation and cell division appear to be mutually ex- 
elusive, The ide es of heavily pigmented cells en- 
gaged in DNA synthesis during the log phase (1.9%) is 
One=tenuh Ghat. of sche total population.  lhisveives a 
growth fraction of 3.6% for heavily pigmented cells when 
the tg/T value for the ten-day culture is used in Equa- 
tion 4 (Results). Furthermore, as cell proliferation 
declines, the heavily pigmented population shows an accel- 
erating rate of “inerease that ican only be due to the re-= 
pigmentation of cells. in many cases a correlation be-= 
tween the synthesis of specialized cell products and 
absence of cell division has been observed (reviewed by 
Davidson, 1964); however, a causal relationship has not 
been established. Recent evidence suggests that culture 
conditions are responsible for this apparent correlation: 


condition allowing both cell proliferation and differen- 
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tiation have been found by Coon (1966), Davies etree 
(1968), Spooner and Hilfer (1971), and others. Cahn and 
Cahn (1966) found a fraction of embryo extract which 
allows chick retinal pigment cells to remain pigmented 
While proliferating. 

In the 85-day old monolayer represented in Figures 
5C and 6, it can be seen that the ability to redifferen- 
tiate has: been retained through at least 3 generations by 
about 50% of the cell population. Whether the nonpig- 
mented fraction at day 85 represents cells which have 
bost the capacity to differentiate, have simply not 
reached the stage ior differentiation yet, or represents 
a fast-growing non-melanocyte population remains to be 
determined, 

Bie and multinucleate cells have been reported to 
ocecus in cCultunmes or frog Lune “celis at avout the same 
Lrequency as, found in the present study: Abnormalities 
during Karyvyokinesis and ¢ytokinesis were shown by ‘cin= 


ematography to give rise to these cells (Burns, 1971). 


While the 50% points on the labelled mitoses curve 
are commonly used for estimating median cell cycle values, 
a better estimate would be obtained from the points where 
a change of Slope occurs. By inspection of the curves in 
Figures (li vand 22 it can besseen thet such points would 
be quite close to the 50% points in these experiments. 
Thus the use of the 50% points seems justifiable. 

An estimate of the standard deviation of the 
values for Gp can be made as follows. The ascending side 
of the first, wave in Figures 11 and de represents the 
different times spent in G, by the population (assuming 
equal distribution of cells throughout & during labelling 
and equal rates of passage through Sj. If the firet der-— 
ivative of the ascending curve shows a normal distribu- 


tion, the time at which 16% of the mitoses are labelled 
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Will be 1 standard deviation from the tame, at which, the 
mean (50%) are labelled (Cleaver, 1967). For both cul+ 
tures this is about 2 hours. However, as Stanners and 
Till (1960) have shown, the distribution of times in Go 
is not. necessarily normal and can vary among cultures of 
tie same’ ‘kinds ‘of cells. 

Calculations of total cell cycle time jas,in Equation 
4 should include the age distribution factor, ds; intro- 
duced by Lamerton and Steel (1968) to account for the 
unequal. distribution of cells among the cell cycle phases 
due to logarithmic increase of cell number. Thus 

G= f(Agtg/S.1.). (5) 

g can be solved for in this equation using the ten-day 
Velvecuand 15, 0y02 se Solving Torec leo, theanormal cuditure, 
using the (Ag) and (f) values obtained for the ten-day 
euliure .-cives a veiue of 00 hourseton thestotal eyele 
time. -As mentioned previously, the growth fraction of 
the normal cultures may well be lower than in the ten- 
day cultures: this, would bring sthe total cellLecy ole time 
closer to that of the ten-day. culture. 

It is possible, on the other hand, that G, is longer 
in the normal thanisin the ten-day cuitunre... Among diffter- 
ens. celt types, Dotigin vivovend au yi ono ly the wlene thor 
the Gy phase shows much greater variability than any other 
phase of the cell cycle (Cleaver, 1967). Moreover, with- 
in a single scell ttype. whe length .or G1, but, mot Ghat of 
other phases, can be affected by a change of environmen- 
tal conditions such as pH (Sisken-and Kinosita, 1961) or 
serum lot (Tobey et.al., 1967). The factors in the eye- 
chamber to which the ten-day irises were exposed prior to 
culture could have been responsible for; a shorter G ) in 
the ten-day cultures. It is also possible that a shorter 
G,; is present at first in ten-day cultures but is lost 
after a number of generations. That S and Go are the same 


for both cultures is in agreement with results from many 
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studies of the cell cycle, which show similar durations 
of S and Gy throughout many different tissues (Cleaver, 
1967). 

Little research has been done on the growth of 
amphibian. cells in vitro, partly because their nutri- 
tional requirements are poorly defined in comparison 
wo those got €hdcoksandimammaliangeells.,At+25°C.3 the 
optimal temperature for growth, these cells grow more 
slowly than mammalian cells. Primary cultures of liver 
céelis ofplsvwcristatus |jgrown.in modified. Bagle's medium 
are reported to have an S period of 24-48 hours (Mitchison, 
TOTES Caltans tOfe). “"Ndult frog’ kidney* cel let grownPin 
modified Eagle's have a cell cycle time of 46 hours, with 
BRG979/G> Of626/ 2258 / fe sehours, (Malannd.1967,). 

in Studies of che cell ecytte in thesecedifrerentia-— 
Ging dorsal iris, the values, for the, duration of S° were 
found to be; between) a, minimum.of 19, and- maximum of, 33 
hours and total cell cycle time between 65 and 80 hours 
(Zalik amd Yamada, 1967). Under the more defined label- 
ling conditions of the present study a value of 36 hours 
for S and 69 hours for total cycle time was obtained 
using cells, from’ 10" -day regenerates, These values are 
close to those reported by these authors for 15-day re- 
generates. Thus it appears that, at least with respect 
to ceili’ cyele paramecvers, cultured iris) cells: dow not digver 
significantiy from those in the activated iris. These 
findings suggest that a meaningful study of factors con- 


trolling lens regeneration may be possible. 
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